1. Introduction
===============

Selenium is a unique essential element in that it replaces sulfur in cysteine to form the 21st aminoacid selenocysteine and is, thereby, directly incorporated into proteins, as compared to other metals that act as cofactors or prosthetic groups \[[@B1-nutrients-05-00340]\]. This unique biology necessitates a complex metabolic fate for dietary sources of selenium before the selenium moiety becomes biologically active. Several selenoproteins subserve antioxidant functions; however, the full biological repertoire of selenoproteins is still incompletely known. Hence, the biology of selenium is complex and interlinked with other metabolic pathways. The antioxidant effects have prompted investigation into the link of selenium deficiency to pro-oxidant pathologic states such as atherothrombotic cardiovascular disease and heart failure.

Numerous investigations have examined the relation of plasma selenium, a simple and likely inadequate measure of body selenium status, to cardiovascular disease. Although several studies have shown that low selenium status is associated with cardiovascular disease and mortality, other studies have shown a lack of relationship. Furthermore, recent studies of selenium supplementation in the generally selenium-replete population of the United States have demonstrated an increased risk of diabetes mellitus in subjects given selenium in modest supplemental doses. Hence, even though selenium is an attractive nutraceutical by virtue of its significant effects on many biological functions relevant to cardiovascular disease prevention, an incomplete understanding of its biology in health and disease prevents its routine use in humans. In this article, we will review the biological and clinical data on the link between selenium and cardiovascular system, and propose some novel approaches to address this important health problem.

2. Clinical Evidence Linking Plasma Selenium to Cardiovascular Disease
======================================================================

2.1. Selenium Level and Risk of Cardiovascular Disease
------------------------------------------------------

Most of the data demonstrating a link between a low plasma selenium level and cardiovascular disease are derived from observational studies in countries with a low dietary intake of selenium. For example, Salonen and colleagues in a study on subjects in eastern Finland have shown that a plasma selenium level \<45 μg/L is associated with an increased risk of coronary artery disease and myocardial infarction \[[@B2-nutrients-05-00340]\]; interestingly, fertilizers are supplemented with selenium in Finland to attempt to correct this deficiency in the population. Flores-Mateo and colleagues conducted a meta-analysis of 25 observational studies (11 case-control and 14 cohort studies) that had evaluated the association of blood or toenail selenium with coronary risk \[[@B3-nutrients-05-00340]\]. Of the 14 cohort studies, only one was from the United States, while none of the case-control studies were from the United States. In this meta-analysis of predominantly low selenium populations, a 50% increase in selenium concentrations was found to be associated with a 24% decrease in the risk of coronary artery disease. Salvini and colleagues, in their study of United States physicians, did not observe a relationship between low selenium level and risk of myocardial infarction \[[@B4-nutrients-05-00340]\]. A recent report from the National Health and Nutrition Examination Survey (NHANES) of 1988--1994 demonstrated a U-shaped relationship between serum selenium level and cardiovascular mortality, with a selenium level of 120 μg/L as the nadir of the relationship \[[@B5-nutrients-05-00340]\].

Keshan disease is a cardiomyopathy endemic to areas in China where low soil selenium content is prevalent. Studies have shown a relationship of this disease to low dietary intake of selenium and low blood or tissue selenium content, and a reduction in the incidence of cardiomyopathy with selenium supplementation \[[@B6-nutrients-05-00340]\]. The seasonal variation observed in the incidence of Keshan disease, however, suggested additional factors may be involved in the genesis of the cardiomyopathy. Studies by Beck and colleagues have shown that selenium deficiency can increase the virulence of a strain of coxsackievirus B3 and convert it from an amyocarditic strain to a pathogenic strain that produces extensive cardiac damage \[[@B7-nutrients-05-00340],[@B8-nutrients-05-00340],[@B9-nutrients-05-00340],[@B10-nutrients-05-00340]\]. A recent study has also demonstrated that, on multivariate regression analysis, blood selenium level was not a major correlate of Keshan disease \[[@B11-nutrients-05-00340]\]; however, in the same study, activity of the selenoprotein glutathione peroxidase-1 was found to be a major risk factor along with residence in an endemic area and family history of Keshan disease. The current data clearly suggest that Keshan disease is a geochemical disease in which selenium deficiency plays a major role; however, additional factors also likely play a role in the genesis of cardiomyopathy and heart failure.

Deficiency of selenium is associated with cardiomyopathy in conditions such as peripartum cardiomyopathy \[[@B12-nutrients-05-00340]\] and cardiomyopathy associated with acquired immune deficiency syndrome \[[@B13-nutrients-05-00340]\], conditions associated with nutritional imbalance. A small number of studies have also examined the association of blood selenium levels with heart failure in the general population. Oster and colleagues compared selenium levels in 20 patients with congestive heart failure to those obtained from healthy controls \[[@B14-nutrients-05-00340]\]. Of the 20 heart failure patients, 6 had selenium levels comparable to controls, while 14 had low selenium levels (mean 47.8 ± 16.2 μg/L). The selenium level was correlated with left ventricular ejection fraction, a measure of cardiac contractility. A more recent study by de Lorgeril and colleagues examined dietary and blood antioxidants in subjects with chronic heart failure \[[@B15-nutrients-05-00340]\]. In this study, dietary intake and blood levels of selenium were found to be lower in heart failure patients; interestingly, the selenium level was correlated with peak oxygen consumption, a major determinant of symptoms and prognosis, but not with left ventricular ejection fraction. Similarly, African Americans with heart failure have been shown to have multiple micronutrient deficits, including that of selenium \[[@B16-nutrients-05-00340]\]. The most striking association of selenium deficiency with heart failure is that seen in patients receiving parenteral nutrition. Multiple case reports have shown pathological changes similar to those observed in Keshan disease \[[@B17-nutrients-05-00340],[@B18-nutrients-05-00340]\], and that selenium supplements can reverse the cardiomyopathic process \[[@B19-nutrients-05-00340]\].

2.2. Selenium Level and Cardiometabolic Health
----------------------------------------------

In the United States, where the population is generally selenium-replete with a mean selenium level of 137.1 ± 19.9 μg/L, as reported by the NHANES \[[@B20-nutrients-05-00340]\], the correlation between plasma selenium level and metabolic risk factors for cardiovascular disease appears to be positive. For example, a higher plasma selenium level was positively correlated with higher total, LDL, and HDL cholesterol levels; however, selenium level had a U-shaped relation to the triglyceride level \[[@B21-nutrients-05-00340]\]. In the case of glycemic health, similar results were observed with a positive correlation of the plasma selenium level with increased risk of diabetes mellitus and higher glucose and glycosylated hemoglobin levels \[[@B20-nutrients-05-00340]\]. In the cross-sectional analysis conducted by NHANES, a higher plasma selenium level was also associated with higher values of systolic and diastolic blood pressure \[[@B22-nutrients-05-00340]\].

The European population has lower selenium intake and lower selenium levels compared to the United States. Studies conducted in Europe have yielded conflicting data on the relation between the plasma selenium level and cardiometabolic health. In British adults, plasma selenium level was positively correlated with total and non-HDL cholesterol, but not with HDL cholesterol \[[@B23-nutrients-05-00340]\]. However, a small pilot study conducted in Britain demonstrated that selenium supplementation had modest benefits on reducing total and non-HDL cholesterol \[[@B24-nutrients-05-00340]\]. In a Flemish population, an inverse relationship between serum selenium and blood pressure was observed in men; no relationship was seen in women \[[@B25-nutrients-05-00340]\]. In a longitudinal 9-year follow-up study of older French subjects, the baseline selenium level was inversely related to the incidence of dysglycemia in men; again no relationship was observed in women \[[@B26-nutrients-05-00340]\]. Conversely, in a study in women residing in Northern Italy, a higher intake of selenium was associated with a higher risk of developing diabetes mellitus \[[@B27-nutrients-05-00340]\]. As in the case of cardiovascular mortality, a U-shaped relationship between selenium level and metabolic health has been proposed \[[@B28-nutrients-05-00340]\].

2.3. Inconclusive Benefits of Selenium Supplementation
------------------------------------------------------

Selenium supplementation given to a population at risk in areas with endemic selenium deficiency and cardiomyopathy has been shown to reduce the incidence (of Keshan disease) in China \[[@B6-nutrients-05-00340]\]. The most direct human correlate of a clearly defined selenium deficient state is that which occurs in patients on total parenteral nutrition, as described above. A recent study conducted by Frustaci and colleagues evaluated the causes of cardiomyopathy in 18 obese subjects who had cardiomyopathy and a history of malabsorption after intestinal bypass surgery \[[@B29-nutrients-05-00340]\]. Examination of cardiac biopsies showed no evidence of viral infection; however, cardiac selenium and zinc levels, and glutathione peroxidase activity were markedly reduced compared to idiopathic cardiomyopathy patients and controls. Subjects were randomized to receive additional selenium and zinc supplements or to continue on routine heart failure therapy. Repeat myocardial biopsies after 6 months of treatment showed that myocardial selenium and zinc content and glutathione peroxidase activity normalized in the group given supplements, which was accompanied by recovery of myocyte degeneration and autophagy and improvement in cardiac function. A similar study in heart failure not associated with malabsorption was conducted by Witte and colleagues \[[@B30-nutrients-05-00340]\]. Thirty heart failure patients were randomized to receive placebo or a combination of high-dose micronutrients (a combination of 15 minerals and vitamins) including 200 μg/day of selenium. After 9 months of treatment, left ventricular volumes were favorably decreased and left ventricular function significantly increased in the intervention group compared to the placebo group.

The effects of selenium supplementation in the absence of evident cardiac pathology are less conclusive. A meta-analysis by Flores-Mateo and colleagues pooled the results of 6 randomized trials, of which 3 were in subjects with preexisting coronary heart disease, and 4 utilized selenium in combination with other micronutrients \[[@B3-nutrients-05-00340]\]. A non-significant 11% reduction in coronary events was observed in subjects taking selenium supplements. Two recent large cancer prevention trials in the selenium-replete United States population have raised questions about the cardiometabolic benefits of selenium supplements. In the Selenium and Vitamin E Cancer Prevention Trial (SELECT), which examined the effect of [L]{.smallcaps}-selenomethionine (200 μg/day) on prostate cancer prevention, a non-significant increase in the incidence of type 2 diabetes mellitus was observed \[[@B31-nutrients-05-00340]\]. The Nutritional Prevention of Cancer (NPC) trial examined the effect of high-selenium yeast (200 μg selenium/day) on cancer prevention. In this study a significant increase in the incidence of type 2 diabetes was observed with selenium supplementation \[[@B32-nutrients-05-00340]\].

2.4. Is Selenium an Influence on Cardiovascular Health?
-------------------------------------------------------

The conflicting data presented above raises the question---does selenium status truly affect cardiovascular health? A major issue with the clinical trials is that the commonest measure of selenium status, the plasma selenium level, is an instantaneous measurement that varies with acute dietary intake, and may not reflect selenium levels over longer times. Tissue selenium, such as toenail selenium levels included in a minority of studies, may integrate selenium values over time and provide a less volatile measure akin to using glycosylated hemoglobin to assess longer-term glycemic status. Recent data suggest that measuring tissue selenium, however, may not reflect "true" selenium status, considering the complex metabolism and biology of selenium. For example, Combs and colleagues, in their study of determinants of selenium status in healthy adults, demonstrated that glutathione peroxidase-3 comprised 20% and selenoprotein P 34% of plasma selenium \[[@B33-nutrients-05-00340]\]. The remaining 46% of "nonspecific" selenium contributed the bulk of variability in plasma selenium levels. Another issue is that many genetic and environmental influences are likely to affect selenium disposition and biology. In addition to polymorphisms in selenoprotein genes and genes involved in selenium metabolism, other factors such as viral infection and sulfurated amino acid intake may affect selenium status. In the study by Combs and colleagues, the plasma homocysteine level was a significant correlate of selenoprotein P levels \[[@B33-nutrients-05-00340]\]. Studies from the laboratories of Uthus and Davis, as well as a recent study from our laboratory, have demonstrated a close relationship between selenium and the methionine-homocysteine cycle \[[@B34-nutrients-05-00340],[@B35-nutrients-05-00340],[@B36-nutrients-05-00340],[@B37-nutrients-05-00340]\]. Another issue with selenium supplementation is that the form of supplementation has varied across studies. Even though the doses of supplements are standardized for the amount of selenium contained therein, there could be significant variability in the *in vivo* biologic effect depending on the type of supplement. For example, the organic form selenomethionine, utilized in the SELECT trial, can be incorporated into proteins in place of methionine competing with its metabolism to selenocysteine and therefore, with selenoprotein synthesis \[[@B38-nutrients-05-00340]\]. Inorganic forms of selenium such as selenite at high enough concentrations have been shown to promote oxidant stress by generating reactive oxygen species and by depleting reduced glutathione \[[@B39-nutrients-05-00340],[@B40-nutrients-05-00340]\].

Most of these studies are observational or cross-sectional studies and, hence, do not permit us to determine causality. An interesting factor that is not taken into account in most of the above-mentioned studies is that polymorphisms in selenoprotein genes may affect the disposition of selenium and, thereby, cardiovascular outcomes independent of dietary intake. For example, Alanne and coworkers have demonstrated that polymorphisms in the Selenoprotein S gene have significant effects on cardiovascular morbidity, especially in women \[[@B41-nutrients-05-00340]\]. The better conclusion drawn from the conflicting data accumulated over the last four decades is that while optimal selenium status is crucial to cardiovascular health, the complex biology of selenium and selenium compounds must be taken into account to estimate and optimize selenium status in humans. There is an urgent need for research into selenium biology in health and disease, considering the high use of selenium supplements in the selenium-replete Unites States population \[[@B42-nutrients-05-00340]\].

3. Biphasic Effects of Selenium Status
======================================

3.1. Major Biologic Effects of Selenium
---------------------------------------

Selenium is unique among essential minerals in that it is incorporated into amino-acid peptide structure in place of sulfur to form the aminoacid selenocysteine. Incorporation of selenocysteine into proteins is accomplished via read-through of the termination codon UGA by unique translational machinery \[[@B1-nutrients-05-00340]\]. Selenoproteins have a major role in maintaining redox balance (e.g., glutathione peroxidases and thioredoxin reductases). Selenoprotein expression in tissues demonstrates an hierarchical relation, with the liver and heart affected more than endocrine organs and brain by selenium deficiency \[[@B43-nutrients-05-00340]\]. Studies also suggest that there is a hierarchy of expression among selenoproteins themselves, with some selenoproteins being more sensitive to selenium level or changes in translational machinery, termed "stress-related" selenoproteins, and others that are less affected, termed "housekeeping" selenoproteins \[[@B44-nutrients-05-00340],[@B45-nutrients-05-00340],[@B46-nutrients-05-00340]\]. There are over 25 mammalian selenoproteins described thus far; the functions of each of these selenoproteins have not been elucidated.

### 3.1.1. Anti-Oxidant Effects

Oxidant stress is implicated in many cardiovascular diseases, including atherosclerosis, myocardial infarction, and heart failure \[[@B47-nutrients-05-00340],[@B48-nutrients-05-00340]\]. Multiple pre-clinical studies have demonstrated that during myocardial injury produced by ischemia and the combination of ischemia and reperfusion, selenoproteins, predominantly glutathione peroxidase-1, reduce oxidant stress. Selenium deficiency worsens, and selenium supplementation abrogates, myocardial injury \[[@B49-nutrients-05-00340],[@B50-nutrients-05-00340],[@B51-nutrients-05-00340],[@B52-nutrients-05-00340]\]. In doxorubicin-induced cardiomyopathy, in which oxidant stress plays a major role, selenium deficiency has been shown to worsen cardiac pathology, with the opposite effect observed with selenium supplementation \[[@B53-nutrients-05-00340],[@B54-nutrients-05-00340],[@B55-nutrients-05-00340],[@B56-nutrients-05-00340],[@B57-nutrients-05-00340]\]. In some studies, however, a beneficial effect of selenium supplementation was not observed \[[@B58-nutrients-05-00340],[@B59-nutrients-05-00340]\]. The spontaneously hypertensive rat (SHR) is a model of progressive hypertensive remodeling of the myocardium resulting in heart failure in which oxidant stress is thought to play a major role. A recent study showed that normal and high levels of selenium in the diet reduced heart failure-related mortality in SHRs compared to a selenium-deficient diet \[[@B60-nutrients-05-00340]\].

### 3.1.2. Cell Proliferation and Survival

Multiple studies have demonstrated anti-angiogenic effects of selenium, a potential mechanism of cancer prevention. For example, in an orthotopic model of human colon cancer in athymic nude mice, selenium supplementation with methylselenocysteine resulted in significant inhibition of microvessel formation and tumor growth \[[@B61-nutrients-05-00340]\]. Other studies have also demonstrated similar anti-angiogenic effects of organic selenium supplements in cancer cells and tissues \[[@B62-nutrients-05-00340],[@B63-nutrients-05-00340]\]. Similar results have also been observed in non-tumorigenic tissues. A transcriptomic analysis in normal rats showed that angiogenic genes were affected by selenite supplementation \[[@B64-nutrients-05-00340]\]. However, in diabetic mice, selenium (provided as selenite) has been shown to promote angiogenesis and, thereby, wound healing \[[@B65-nutrients-05-00340]\]. Both pro- and anti-apoptotic effects have been demonstrated with selenium supplementation. Methylselenic acid has been shown to promote apoptosis in vascular endothelial cells, in keeping with the anti-angiogenic effect mentioned above \[[@B66-nutrients-05-00340]\], while selenite has been demonstrated to attenuate oxysterol-induced apoptosis in vascular smooth muscle cells \[[@B67-nutrients-05-00340]\].

### 3.1.3. Immune and Anti-Infective Mechanisms

Selenium and selenoproteins, via redox balance and calcium flux, are linked to effector functions of immune cells \[[@B68-nutrients-05-00340]\], which may be important for cardiovascular biology considering the importance of innate and adaptive immunity in the genesis of cardiovascular disease. As mentioned above, the cardiomyopathy observed in Keshan disease may result from increased viral pathogenicity induced by the selenium-deficient state, as shown by a series of investigations by Beck and colleagues. The amyocarditic strain of coxsackievirus B3 was shown to be non-pathogenic in selenium-replete mice while it induced myocarditis in selenium-deficient mice \[[@B8-nutrients-05-00340]\]. Furthermore, virus recovered from selenium-deficient mice induced myocarditis when inoculated into selenium-replete mice, clearly indicating a change in virulence of the organism. This increase in virulence was shown to result from six nucleotide changes in the viral genome \[[@B9-nutrients-05-00340]\]. There were no changes in natural killer cell activity or neutralizing antibody levels between selenium-replete and -deficient animals \[[@B7-nutrients-05-00340]\]. However, lymphocyte proliferation in response to mitogen and antigen were reduced in selenium-deficient mice. Chagas disease, a tropical cardiomyopathy resulting from infection with the parasite *Trypanosoma cruzi*, is also associated with low selenium levels \[[@B69-nutrients-05-00340]\]. Preclinical studies have shown that selenium supplementation improves survival in rodents infected with this parasite \[[@B70-nutrients-05-00340],[@B71-nutrients-05-00340]\]. Gender differences in the effect of selenium on immune function have been described. For example, Stoedter and colleagues have shown that the fulminant immune response induced by lipopolysaccharide is attenuated by selenium supplementation in male mice, but not female mice \[[@B72-nutrients-05-00340]\].

### 3.1.4. Effects on Matrix Metabolism

An *in vivo* study in rats showed that high levels of selenium increased the amount of immature collagen in various organs, including the heart \[[@B73-nutrients-05-00340]\]. Conversely, selenite decreased stellate cell number and liver fibrosis and increased the expression of matrix metalloproteinase-9 in a model of liver fibrosis \[[@B74-nutrients-05-00340]\]. Selenite was also shown to decrease matrix metalloproteinase-13 expression, increase the expression of tissue inhibitors of metalloproteinase-1 and -2, and prevent a decrease in type II collagen induced by T2 toxin in human chondrocytes \[[@B75-nutrients-05-00340]\]. Another *in vitro* study also demonstrated a similar effect of selenite in human fibrosarcoma cells \[[@B76-nutrients-05-00340]\]. A recent transcriptomic analysis in rodents showed that dietary selenium increased extracellular matrix-associated gene expression \[[@B64-nutrients-05-00340]\]. Conversely, knockout of selenocysteine tRNA in myeloid cells led to increased expression of tissue inhibitor of metalloproteinase-3 as well as the genes for types I and III collagens \[[@B77-nutrients-05-00340]\]. As matrix composition of the vascular wall and the myocardium is crucial to cardiovascular function, it is possible that selenium may modulate cardiovascular health via effects on matrix metabolism. In fact, a recent study from our laboratories demonstrates a potent effect of both selenium deficiency and modest supplementation on myocardial matrix levels and function \[[@B37-nutrients-05-00340]\].

### 3.1.5. Epigenetic Mechanisms

In addition to the genome, epigenetic mechanisms, or heritable modifications that change chromatin structure and transcriptional activity independent of any change in the DNA sequence, also influence gene transcription. DNA methylation, histone modifications, and non-coding RNAs are the major epigenetic mechanisms that alter chromatin structure between transcriptionally active euchromatin and transcriptionally inactive heterochromatin \[[@B78-nutrients-05-00340]\]. Selenium affects DNA methylation and gene transcription both *in vivo* and *in vitro* \[[@B79-nutrients-05-00340],[@B80-nutrients-05-00340]\]. Dietary selenium supplementation has been shown to cause global DNA hypomethylation associated with hypermethylation of the promoter of the tumor suppressor gene p53 \[[@B81-nutrients-05-00340]\]. Selenium also affects the availability of *S*-adenosyl methionine, the methyl donor for all DNA methylation reactions, as well as the concentration of *S*-adenosyl homocysteine, a potent inhibitor of DNA methyltransferases. These effects on methylation potential are mediated by the interaction of metabolic pathways of selenium with the methionine-homocysteine cycle \[[@B35-nutrients-05-00340],[@B36-nutrients-05-00340],[@B82-nutrients-05-00340],[@B83-nutrients-05-00340]\], and are described in more detail below.

3.2. Both Selenium Deficiency and Selenium Supplementation Induce Similar Phenotypes
------------------------------------------------------------------------------------

The conflicting clinical data and varied and complex biology described above suggest that the effects of selenium are unlikely to be linear across clinically relevant dose ranges in healthy conditions. In fact several recent studies have demonstrated a biphasic effect of selenium. For example, in mice transgenic for transforming growth factor α/cMyc and prone to develop liver cancer, both selenium deficiency and supplementation (2.5 ppm dietary selenium) inhibited carcinogenesis \[[@B84-nutrients-05-00340]\]. Similarly, Labunskyy and colleagues have demonstrated that in normal mice, modest selenium supplementation induced insulin resistance, while genetic suppression of selenoprotein synthesis also induced a diabetic phenotype \[[@B44-nutrients-05-00340]\]. A recent study from our laboratories examined the effect of selenium deficiency and modest selenium supplementation on myocardial structure and function \[[@B37-nutrients-05-00340]\]. Our results showed that both selenium deficiency and supplementation promoted myocardial fibrosis and diastolic dysfunction compared to normal dietary selenium. Differential changes in redox state and DNA methylation were observed in selenium deficient and excess states; these changes over 12 weeks resulted in similar adverse phenotypes. Selenium deficiency produced a more adverse phenotype with diastolic and systolic dysfunction, while selenium supplementation produced only diastolic dysfunction.

4. Selenium and Redox-Methylation Balance
=========================================

Multiple lines of evidence suggest a close link between selenium metabolism and the methionine-homocysteine cycle and, thereby, with redox-methylation balance \[[@B37-nutrients-05-00340]\]. As shown in [Figure 1](#nutrients-05-00340-f001){ref-type="fig"}, the mocysteine cycle starts with methionine, an essential sulfurated aminoacid. Methionine is converted to *S*-adenosyl methionine which provides an active methyl group for all methylation reactions except the remethylation reaction that converts homocysteine to methionine. Loss of the methyl group from *S*-adenosyl methionine leads to production of *S*-adenosyl homocysteine, which is hydrolyzed to homocysteine. Homocysteine is remethylated via a vitamin B~12~- and folate-dependent pathway or by the enzyme betaine homocysteine methyl transferase. An alternate fate of homocysteine is transsulfuration via the vitamin B~6~-dependent enzyme cystathionine beta synthase, which is an irreversible pathway that culminates in the production of cysteine. Cysteine is the precursor of glutathione, the obligate substrate for the crucial cellular antioxidant selenoprotein glutathione peroxidase-1. The relative concentrations of *S*-adenosyl methionine and *S*-adenosyl homocysteine (an inhibitor of DNA methyl transferases) modulate DNA methylation and gene transcription. While homocysteine is considered a pro-oxidant molecule, its conversion to cysteine, the major extracellular antioxidant and glutathione, the major intracellular antioxidant, modulates redox balance and signaling \[[@B85-nutrients-05-00340]\].

![Interaction of selenium and the methionine-homocysteine cycle (reproduced with permission from Metes-Kosik *et al.* \[[@B37-nutrients-05-00340]\]). ROS: reactive oxygen species; RNS: reactive nitrogen species.](nutrients-05-00340-g001){#nutrients-05-00340-f001}

[Figure 1](#nutrients-05-00340-f001){ref-type="fig"} also demonstrates the close link between selenium metabolism and the methionine-homocysteine cycle. The first link is via glutathione/redox balance. Hill and Burk have shown that selenium deficiency directly stimulates the activity of glutamate cysteine ligase (a rate-limiting enzyme in glutathione synthesis), and thereby, increases glutathione synthesis in liver cells \[[@B86-nutrients-05-00340],[@B87-nutrients-05-00340]\]. Uthus and colleagues have shown that selenium deficiency decreases total homocysteine levels in rats, although the study could not conclusively prove whether or not this was due to shunting of homocysteine into the transsulfuration pathway towards synthesis of glutathione \[[@B34-nutrients-05-00340]\]. The second link is via methylation reactions. As shown in [Figure 1](#nutrients-05-00340-f001){ref-type="fig"}, selenium is methylated *in vivo* into methyl selenol, dimethyl selenide, and trimethyl selenonium, and, thereby, can act as a "methyl sink" \[[@B88-nutrients-05-00340]\]. In addition, as described above, selenium has complex effects on methylation via both effects on the balance between *S*-adenosyl methionine and *S*-adenosyl homocysteine levels as well as direct effects on DNA methyltransferase activity. In our recent study of the effects of selenium status on myocardial gene regulation, we found a close interaction between selenium status, methionine-homocysteine cycle, and DNA methylation as predicted from the above-mentioned data \[[@B37-nutrients-05-00340]\]. While the plasma homocysteine level was reduced by selenium deficiency, selenium supplementation as inorganic selenite initially (3 weeks) reduced the plasma glutathione level with a restoration to normal by 12 weeks. While selenium deficiency did not alter methylation potential or the ratio of *S*-adenosyl methionine to *S*-adenosyl homocysteine, selenium supplementation significantly elevated the level of *S*-adenosyl homocysteine. Selenium supplementation decreased DNA methyltransferase activity at 3 weeks, an effect that was accompanied by a decrease in DNA methylation between 3 and 12 weeks.

Thus, a potential explanation of the biphasic response to selenium may be its effects on the continuums of redox status and methylation status. As shown in [Figure 2](#nutrients-05-00340-f002){ref-type="fig"}, signaling via free radicals is integral to normal cellular function. A preponderance of oxidants or reductants can move the cell into the realms of oxidant stress and reductive stress, respectively. As described in previous sections, there is abundant literature on the role of increased oxidant stress in the genesis of cardiovascular disease. Recent reports suggest that reductive stress is also an important pathogenic mechanism in cardiovascular disease. For example, a cardiac specific mutation in the human αB crystallin gene has been shown to increase cycling of oxidized to reduced glutathione causing reductive stress, resulting in a cardiomyopathic phenotype \[[@B89-nutrients-05-00340]\]. Over expression of the selenoprotein glutathione peroxidase-1 in mice leads to hyperglycemia and insulin resistance \[[@B90-nutrients-05-00340]\]. In these mice, lower reactive oxygen species levels resulting in over-expression of pancreatic duodenal homeobox 1 and uncoupling protein-2 were thought to underlie the changes in insulin production and hyperinsulinemia \[[@B91-nutrients-05-00340]\]. Interestingly, a selenium deficient diet was found to attenuate these metabolic abnormalities in glutathione peroxidase-1 over-expressing mice \[[@B92-nutrients-05-00340]\]. Hence, as shown in [Figure 2](#nutrients-05-00340-f002){ref-type="fig"}, a sliding scale of redox balance may exist in cells and tissues in which optimal signaling promotes cellular health, while both oxidant and reductive stress may lead to pathology, with selenium status as a potentially crucial determinant of redox state.

![Selenium and redox-methylation balance. Selenium plays a pivotal role in balancing the flux between potential redox and methylation states.](nutrients-05-00340-g002){#nutrients-05-00340-f002}

Similar to its effects on redox balance, selenium also influences methylation balance as described above and illustrated in [Figure 1](#nutrients-05-00340-f001){ref-type="fig"}. Methylation of CpG dinucleotides in gene promoter regions leads to suppression of gene expression. Hypomethylation has the opposite effect. The effects on gene methylation are variable in the adult state, with generalized DNA hypomethylation found to coexist with hypermethylation of specific genes \[[@B81-nutrients-05-00340]\]. As shown in [Figure 1](#nutrients-05-00340-f001){ref-type="fig"}, [Figure 2](#nutrients-05-00340-f002){ref-type="fig"}, selenium may affect not only the balance between various redox states and different methylation states, but could integrate the redox-methylation balance itself, as shown in our recent study \[[@B37-nutrients-05-00340]\]. The effect on redox-methylation balance may explain the variability seen in the effects of selenium in health and disease.

5. Selenistasis---A Framework for Selenium in Health and Disease
================================================================

Epistasis is a term used to denote an interaction between two genes that results in modification of phenotype \[[@B93-nutrients-05-00340]\]. As shown above, selenium acts as an integrator for the reciprocal relation between redox state and methylation status and, thereby, can influence cardiovascular phenotype, a condition similar to epistasis but involving two fundamental cellular biologic processes. We wish to propose the term *selenistasis* to denote this relationship. As shown in [Figure 3](#nutrients-05-00340-f003){ref-type="fig"}, selenistasis is defined in relation to the health of the organism. The blue circle shows the combination of normal oxidant signaling and methyl balance in the healthy state, or selenistasis. The actual selenium level is not determinative of selenistasis in this conceptual model, regardless of the measured plasma selenium level, redox and methylation status would determine deviation from "selenistasis". This construct offers a potential solution to the contentious issue of whether the plasma selenium level truly reflects "selenium status".

![Selenistasis---Selenium integrates redox-methylation balance in health and disease. The X-axis represents methylation status, the Y-axis represents redox state, and the Z-axis represents the continuum from health to disease states. The green oval represents normal oxidant signaling and methylation balance in health. The red square and red rectangle represent two possible combinations of changes in redox and methylation states in disease. Blue arrows delineate the desired effect of interventions in diseased states, *i.e.*, to alter redox and methylation states and, thereby, approximate selenistasis.](nutrients-05-00340-g003){#nutrients-05-00340-f003}

The red square and rectangle show one of several possible combinations of changes in redox and methylation states in severe disease. Once the underlying redox-methylation state in each disease state is established, changing dietary selenium can be utilized to achieve selenistasis, as shown in [Figure 3](#nutrients-05-00340-f003){ref-type="fig"}. This effect may differ with different disease states and in different tissues and cell types.

6. Systems Biology---A Novel and Necessary Approach to Evaluating Selenistasis
==============================================================================

The biology of selenium intersects with major cellular processes and is different in healthy *vs.* diseased states. Hence, traditional reductionist methods are unlikely to allow us to understand selenium status and its relationship to health and disease. With rapid advances in -omics technologies in network science, and in systems biology, it is now possible to evaluate the comprehensive biologic effects of varying doses of selenium in normal and disease states. Systems biology allows us to integrate large amounts of data to create a network model that can explain the conflicting results seen in selenium research \[[@B94-nutrients-05-00340],[@B95-nutrients-05-00340]\]. Efforts are underway to create a collaborative network-based approach to micronutrient biology. The Micronutrient Genomics Project is a community-driven project that captures comprehensive data related to micronutrient genome interactions \[[@B96-nutrients-05-00340]\]. As part of this project, a Wikipathway has been created for selenium biology in humans \[[@B97-nutrients-05-00340]\]. We propose that systems biology approaches should be used to define a selenistatic network in healthy conditions based on -omics data generated from analysis of normal tissues subjected to varying doses of selenium. Most of the data generated would be from animal models, but human samples, such as toenails, buccal cells, heart biopsies undertaken for clinical reasons, and heart samples obtained during implantation of left ventricular assist devices in patients with advanced heart failure, could also be tissue sources of selenium measurements in humans. This would help establish major hubs of selenistasis and the role of redox-methylation balance in different tissues. Networks should then be established using data obtained from disease states under conditions of normal selenium intake to define deviations from selenistasis under specific conditions in the whole organism (blood measurements) or in specific organs. Further network analysis should be conducted in disease states with varying intake of selenium. Such network medicine-based systems analysis is likely to lead to a better understanding of selenium biology in health and disease and to multiple biomarker-based approaches to measure and optimize selenistasis.

7. Conclusions
==============

Selenium is clearly essential for human health, but how can we optimize selenium status to prevent and treat cardiovascular disease? It is clear that the effects of selenium are complex, cell- and tissue-dependent, and influenced by the disease process itself. It is also clear that this micronutrient is essential for human health. How changes in selenium content of the diet affect biological processes in normal individuals, and how selenium affects pathogenic processes and *vice versa* still needs elucidation. The concepts of redox-methylation balance and selenistasis may give us a framework to understand the complex biology of selenium *in vivo* and develop diagnostic tests to evaluate selenium status and its (patho)biological consequences. The tools of systems biology will be crucial to this endeavor.
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